Compression neuropathies are highly prevalent, debilitating conditions with variable functional recovery following surgical decompression. Due to the limited amount of human nerve tissue available for analysis, a number of animal models have been created to help investigators understand the molecular and cellular pathogenesis of chronic nerve compression (CNC) injury. Evidence suggests that CNC injury induces concurrent Schwann cell proliferation and apoptosis in the early stages of the disorder. These proliferating Schwann cells downregulate myelin proteins, leading to local demyelination and remyelination in the region of injury. In addition, the downregulation of myelin proteins, in particular myelin-associated glycoprotein, allows for axonal sprouting. Interestingly, these changes occur in the absence of both morphological and electrophysiological evidence of axonal damage. This is in direct contrast to acute injuries, such as transection or crush, which are characterized by axonal injury followed by Wallerian degeneration. Because the accepted trigger for Schwann cell dedifferentiation is axonal injury, an alternate mechanism for Schwann response must exist in CNC injury. In vitro studies of pure Schwann cells have shown that these cells can respond directly to mechanical stimuli by downregulating myelin proteins and proliferating. These studies suggest that although the reciprocal relationship between neurons and glial cells is maintained, chronic nerve compression injury is a Schwann cell-mediated disease. (DOI: 10.3171/FOC.2009.26.2.E7) 
C hroniC nerve compression injuries affect millions of individuals. Yet despite their prevalence, there has been little progression in the understanding of compression injuries until recently. Patients with carpal tunnel syndrome, the most common form of CNC injury, present with sensory abnormalities within the distribution of the median nerve, including numbness, tingling, and pain. If left untreated, these symptoms often result in permanent sensory and motor loss. Conservative treatments for carpal tunnel syndrome include splinting the wrist in a neutral position, ultrasound therapy, and corticosteroid treatment. Surgical decompression of the nerve is warranted if symptoms are refractory to conservative treatments. 8 However, the outcomes of decompression may be unpredictable, and the reversal of motor weakness is usually limited. Therefore, an increase in the understanding of the pathological mechanisms is warranted.
The structure of normal, uninjured myelinated nerve fibers has been a topic of intense research. It is known that in myelinated peripheral nerves, a single Schwann cell will associate with a single segment of axon and extend cytoplasmic processes around it. This will create a segment of myelinated axon known as the internode. At the edges of the internode, the myelin begins to form distinctive folds that are characteristic of juxtaparanodal and paranodal regions. Interrupting the internodal segments at regular intervals and immediately adjacent to paranodes are the nodes of Ranvier, which are areas of axon devoid of myelin (Fig. 1) . 32 Functionally, the juxtaparanode and node of Ranvier are physiologically important, because the juxtaparanode contains high concentrations of voltage-gated potassium channels, and the node of Ranvier contains high concentrations of voltage-gated sodium channels. Following an excitatory stimulus of sufficient magnitude, sodium ions enter the axon, followed by the exit of potassium ions as the action potential propagates down the length of the axon. The subcellular localization of potassium and sodium channels to the juxtaparanode and node of Ranvier, respectively, and the insulating properties of myelin limit the exchange of ions between the axon and the extracellular environment to these areas. As a result, this allows the action potential to travel faster down the axon via saltatory conduction. 32 Following injury, there is reorganization of this basic structure, with one of the most prominent changes being an increase in the average g-ratio (axon diameter/total fiber diameter) from ~ 0.6 to 0.8 in rodent models of CNC.
Although compression neuropathies are fairly ubiquitous, the characterization of the changes that occur in the compressed nerve has been difficult because it is unethical to harvest human nerve tissue due to the ensuing permanent donor-site morbidity that would occur. In a postmortem study of subclinical entrapment of the median and ulnar nerves, a thickening of the endoneurium, perineurium, and epineurium was noted. Fibers teased from these nerves revealed thinning and retraction of the myelin and intercalated segments indicative of previous demyelination. 26 Limited human studies on compressed sensory nerves that were removed to treat refractory pain have revealed a similar thinning of the myelin and thickening of the endoneurium, microvessels within the endoneurium, and perineurium in the region of compression. 21 Further characterization of the pathological mechanisms following CNC injury, however, has proved to be difficult when using human tissue.
The limited amount of human nerve tissue available for analysis has spurred the creation of a number of animal models to understand the pathological features of CNC. One such animal model uses a biologically inert Silastic tube placed around the sciatic nerve of SpragueDawley rats. 14, 28 The tube is of sufficient diameter to allow for gliding along the nerve and to avoid any type of acute mechanical deformation of the nerve. Alternatively, a rabbit model for CNC has been created in which an angioplasty catheter is inserted into the carpal tunnel and used to increase the intracarpal pressure by amounts that can be specified by the investigator. 6 Additional methods have involved compressing the nerve through inflammation of the surrounding tissue. One such method involves chemically inducing inflammation within the carpal tunnel to form exuberant granulation tissue. 34 Other investigators have induced compression of the median nerve through repeated electrical stimulation of the flexor digitorum profundus muscle or coaxing the animal into repeated wrist movements. 39 Because the subsinovial connective tissue of the wrist is believed to be important in the pathogenesis of CNC by some investigators, the mechanical properties of the subsinovial connective tissue have been characterized in both human cadavers and rabbit models. 45, 46 Although they are all very different, each animal model shares certain characteristics that are consistent with the human condition; principal among these is a progressive, gradual decline in nerve conduction velocity (Fig. 2) .
Whereas chronic nerve injuries are undercharacterized, there has been a large amount of work done on acute neural injuries such as a transection or crush injury. Following transection, the axonal cytoskeleton disintegrates and the axonal membrane breaks apart. 5 Axonal degeneration is followed by rapid recruitment of hematogenously derived macrophages, leading to degradation of the myelin sheath. 9 This cascade of events following axonal injury has been termed Wallerian degeneration. Secondary to Wallerian degeneration, Schwann cells undergo a programmed dedifferentiation, including the downregulation of myelin proteins and cellular proliferation that ultimately leads to demyelination. 42 These reprogrammed Schwann cells form "bands of Büngner," which provide a cellular substrate for nerve regeneration and subsequent remyelination. 36 Recent work has identified c-jun as a major transcription factor for Schwann cell dedifferentiation. 29 In normal nerves, promyelination transcription factors such as krox-20 (Egr2) initiate and maintain myelination. 18, 43 Following injury, the increase in c-jun is accompanied by a concomitant decrease in krox-20. The antagonistic relationship between krox-20 and c-jun modulate the transcription factor sox-2, which maintains many cell types, including Schwann cells, in an undifferentiated state. 18 Due to the gradual nature of CNC injury, it has previously been characterized as a mild form of Wallerian degeneration. As recent experimental data have shown, the pathogenesis of acute transection and that of CNC injuries are quite distinct. Nevertheless, the wealth of knowledge regarding transection injuries has been an invaluable framework for understanding the cellular and molecular pathogenesis of compression neuropathies.
Demyelination and Remyelination
It has been hypothesized that the change in nerve conduction velocity seen in CNC is due to gradual demyelination followed by subsequent remyelination of the compressed nerve. As analysis of compressed human nerve segments has revealed marked thinning of myelin and axonal profiles consistent with demyelinating and remyelinating fibers, 21 animal models for CNC have described similar thinning of the myelin beginning in the periphery of the nerve (Fig. 3) . 12, 28 The appearance of new, thinner myelin is considered to be a marker of remyelination by Schwann cells, and thus it is clear that CNC induces demyelination followed a wave of remyelination. 19 Individual fibers teased from the periphery of the nerve have revealed a unique pattern of demyelination along the length of the axon. 12 The myelin changes initially occur at the paranode, where the myelin is thought to be most unstable, and progress toward the internode. Consistent with myelin degeneration, ovoidlike structures were noted in normal paranodal regions adjacent to areas of demyelination. In addition, regions of thin myelin were found to be interspersed between regions of normal myelin. These regions were also found to have internodes of shorter lengths and to be associated with proliferating Schwann cells. Furthermore, teased nerve fibers were found to have an increase in the number of SchmidtLanterman incisures. 1 Although their function remains a subject of much debate, these incisures are likely to assist in the metabolic processes of the myelin sheath, including growth and maintenance. 44 The increase in SchmidtLanterman incisures along the axon thus most likely represents an increase in metabolic demand secondary to demyelination and remyelination in CNC injury. These findings in both human nerve tissue and animal models support the hypothesis that the decrease in nerve conduction velocity is a result of a new population of remyelinated fibers with thinner myelin and decreased internodal lengths.
Concurrent Proliferation and Apoptosis of Schwann Cells
In an established animal model for CNC injury, Schwann cells have been found to proliferate in both the compressed and distal nerve segments at 2 weeks after CNC injury (Fig. 4) . The peak of proliferation is reached at 1 month, representing a 6-fold increase in Schwann cell number. Remarkably, during this period of proliferation there is a concomitant increase in the level of Schwann cell apoptosis (Fig. 5 ).
14 The observed apoptosis is biphasic, with one phase occurring at the same time as proliferation and the other occurring in the late stages. Late-stage apoptosis is presumably due to the connective tissue hypertrophy and a gradual loss of axons, but the cause of early-stage apoptosis (and also proliferation) is unknown. As with demyelination, proliferation and apoptosis of Schwann cells is initially found in the periphery of the nerve. Interestingly, these processes occur at a time when there is no evidence of axonal damage or Wallerian degeneration, both of which have been shown to induce Schwann cells to proliferate.
Downregulation of Myelin-Associated Proteins and Axonal Sprouting
In adults, Schwann cells have a function in the maintenance of myelin, in part, through the expression of myelin proteins. Following CNC injury, Schwann cells in the compressed region downregulate MAG as part of the program of demyelination. 13 Analysis of electron micrographs at the same time point reveal an increase in the number of small unmyelinated fibers grouped together by nonmyelinating Schwann cells into structures known as Remak bundles, which is consistent with axonal sprouting (Fig. 3) . 13 In children, MAG has been demonstrated to enhance axonal growth. 17 In adults, however, MAG is to known to inhibit axonal regeneration and neurite outgrowth via p75-mediated activation of Rho and binding to the Nogo receptor. 7, 22, 25 Therefore, the downregulation of MAG by Schwann cells seems to permit axonal sprouting following CNC injury. Interestingly, intraneural injections of MAG at the time of injury prevents CNC-induced sprouting, providing further evidence that downregulation of MAG is permissive of axonal sprouting. 13 As with demyelination and Schwann cell apoptosis/proliferation, axonal sprouting occurs at time when there is no evidence of axonal injury.
The DRG Response to CNC Injury
Following CNC injury, GAP-43 is upregulated within DRG neurons. 4 Because GAP-43 is a growth cone molecule critical in the modulation of F-actin behavior to extracellular cues, its upregulation is consistent with the observed axonal sprouting. 16 Interestingly, GAP-43 upregulation was found to be localized to the cell bodies of small-caliber isolectin B4-binding and calcitonin gene-related peptide-positive neurons. Because these neurons are known to be nociceptive, this potentially explains the onset of nociceptive abnormalities before that of motor abnormalities. Furthermore, there is a transient shift within the populations of sensory neurons within the DRG. 4 Specifically, there is an increase in the number of isolectin B4-binding and calcitonin gene-related peptide-positive neurons and a corresponding decrease (Fig. 6) . The transient increase in GDNF and phenotypic shift show temporal correlation. Because GDNF is known to be neurotrophic for isolectin B4-binding neurons, 23 this potentially explains the increase in this neuronal subtype.
Axonal Integrity is Maintained in CNC Injury
Classically, dedifferentiation of Schwann cells and demyelination in mechanical injuries has been thought to occur secondary to axonal damage. As has been previously mentioned, however, electron microscopic analysis of axons in CNC injury has shown no morphometric evidence of axonal injury.
14 Rigorous evaluation of axonal integrity following CNC injury has contributed substantial evidence to support this idea. 24 Motor unit number estimation studies revealed no change in CMAP amplitudes following CNC injury, whereas CMAPs were unattainable in acutely injured nerves (Fig. 7) . Analysis of soleus muscle following compression of the sciatic nerve showed no evidence of denervation-induced changes, including areas of grouped muscle fiber atrophy, increased variation in muscle fiber diameter, or the appearance of small angular fibers. Furthermore, axonal injury induces changes within the neuromuscular junction, including degeneration in the presynaptic apparatus, an increase in the density of postsynaptic receptors, and the appearance of extrajunctional receptors.
3,31 Analysis of neuromuscular junction after CNC injury by using neurofilament and bungarotoxin staining revealed no morphological evidence of neuromuscular junction pathological features consistent with axonal injury (Fig. 8) . 24 The absence of axonal injury in CNC injury thus suggests the existence of a novel mechanism of Schwann cell dedifferentiation and demyelination.
Macrophage Recruitment Following CNC Injury
Following CNC injury, there is a gradual infiltration of macrophages over a period of weeks into the compressed and distal segments of the nerve. 11 This is in sharp contrast to acute injuries, in which a massive wave of macrophage recruitment occurs 24-96 hours after the initial insult. 41 It has been shown that the primary trigger for macrophage recruitment is an interruption of axonal architecture. Therefore, the primary role of macrophages in acute injuries is to participate in the clearance of axonal and myelin debris. 40 The absence of axonal injury early after CNC injury may explain the relative lack of Fig. 6 . Immunohistochemical evaluation of normal (A) and compressed (B) sciatic nerve for GDNF protein localization to Schwann cells. The GDNF is represented in green, and S100 protein is in red. Arrows indicate positive GDNF in the center of the axon. Bar = 50 µm. Fig. 7 . Graphs showing that nerve conduction velocity (NCV) started declining at 2 weeks and declined by ~ 20 m/s on the compressed side compared with the uncompressed side (curve labeled "normal") in the Silastic tube model for chronic nerve compression in rats. The CMAP amplitude showed a difference between the compressed and uncompressed side at 2 weeks, but never changed further and did not reach statistical significance at any of the time points. Motor unit number estimation (MUNE) also showed no statistically significant difference between normal and compressed sides. macrophage recruitment. However, because macrophages have also been shown to secrete Schwann cell mitogens (including transforming growth factor-β; interleukins 1, 6, 10, and 12; and tumor necrosis factor-α), 2 the possible role of macrophages in Schwann cell proliferation following CNC injury was addressed through macrophage depletion experiments in which clondronate liposomes were used. In the absence of hematogenously derived macrophages, the normal breakdown of the blood-nerve barrier in CNC injury was attenuated (Fig. 9) while the proliferation of Schwann cells was left intact, thus discounting a major role for macrophage-mediated Schwann cell proliferation in the pathological mechanisms of CNC injury.
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Shear Stress Alters the Expression of MAG and Myelin Basic Protein in Schwann Cells
Because Schwann cell dedifferentiation and demyelination occur independent of axonal damage and macrophage signaling, an alternate mechanism must exist for this process in CNC injury. One possibility is that Schwann cells can respond directly to mechanical stimulus. It has been shown that pure Schwann cell cultures respond robustly to mechanical stimuli in the form of shear stress induced by laminar fluid flow. 15 Following just 2 hours of shear stress, Schwann cells demonstrated increased proliferation, as evidenced by bromodeoxyuridine uptake and the downregulation of MAG protein and mRNA. The Schwann cell in vitro response to shear stress thus closely mirrors that of the robust in vivo Schwann cell response to compression. Because there are no neurons or other cell types in these cultures, these experiments suggest that Schwann cells can respond to mechanical stimuli independent of axonally derived signals. Nevertheless, the mechanism by which Schwann cells respond to mechanical stimulus is currently unknown.
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Conclusions
Chronic nerve compression injury has been previously characterized as a mild form of Wallerian degenera- tion. In both pathological entities, Schwann cells undergo dedifferentiation resulting in demyelination, downregulation of myelin proteins, and proliferation. However, the precipitating event for Wallerian degeneration is axonal injury, and this is not detected in CNC injury by either morphological or electrophysiological studies. Because there is no axonal injury early after CNC injury, macrophage recruitment in CNC injury is not characterized by the massive and immediate increase in macrophage number that is seen in acute injuries. Furthermore, the mitogenic effect of macrophages on Schwann cells does not play a principal role in CNC-induced Schwann cell proliferation. Therefore, the pathogenesis of compression neuropathies is distinct from that of acute injuries and thus cannot be considered a mild form of Wallerian degeneration.
Because the accepted triggers for Schwann cell dedifferentiation are not present, an alternate mechanism must exist. Results of in vitro experiments performed using shear stress suggest that Schwann cells are directly responsive to mechanical stimuli. The mechanisms by which this occurs, however, are currently still unknown. One possibility is that Schwann cell mechanosensitivity is mediated by integrin signaling. Integrins are heterodimeric molecules that function as a bridge between the extracellular matrix and intracellular signaling. Specifically, integrins have been implicated in the mechanotransduction of a variety of mechanical stimuli, including stretch, hydrostatic pressure, shear stress, and osmotic pressure in a variety of different cell types. 38 It is known that adult myelinating Schwann cells express the α6β4 integrin, whereas immature and nonmyelinating Schwann cells do not. 33 A recent study of β4 knockout mice suggests that the α6β4 integrin molecule functions in the maintenance of myelin. 27 It is thus possible that integrin signaling plays a critical role in CNC injury.
Future Directions
Further study of the mechanisms of demyelination in CNC injury will require the use of in vitro models. Numerous investigators have shown that applied hydrostatic pressure can influence the activity of many different cell types, including chrondrocytes and osteoblasts. 20, 30 Recently, a hydrostatic compression chamber model has been described that will allow for the compression of myelinated Schwann cell-DRG cocultures while monitoring critical parameters such as applied pressure, oxygen tension, and pH. 35 The goal of these chambers is to apply sufficient pressure to elicit a biological response without creating cytotoxicity.
Although recent evidence suggests that Schwann cells are the primary mediators of CNC injury, axonal damage does occur in the later stages of the disease as these patients develop motor weakness. The reciprocal relationship between axons and glial cells is maintained with CNC injury. Yet, in contrast to Wallerian degeneration in which the neuron directs glial cell function, Schwann cells appear to be initially affected by CNC injury and secondarily affect neuronal function. It is likely that a combination of Schwann cell mechanosensitivity and chronic ischemia are part of the pathogenesis of CNC. An increased understanding of the mechanisms of demyelination and remyelination in CNC injury through the use of both in vivo and in vitro animal models will allow for the development of novel treatments to improve the outcomes of both nonsurgical and surgical interventions.
